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SUMMARY 
 
Task Objective 

The objective is to develop a bench-scale suppression screen (or multiple screens) for 

comparing the flame extinction performance of dispersed gases and liquids. 

 

Technical Problems 

 Halon 1301 (CF3Br) has properties that make it particularly effective as a fire extinguishing 

agent.  In addition to the chemical activity attributable to the bromine atom, halon 1301 is a gas at 

room temperature and pressure.  It is stored as a liquid under high pressure making it superheated at 

atmospheric conditions.  When discharged, halon 1301 flashes to a gas and quickly disperses 

throughout the volume being protected.  Replacements are sought which perform equally well in 

applications critical to the Department of Defense.  This project will contribute to the overall goal 

of attaining effective, environmentally responsible alternatives to the ozone depleting substance, 

halon 1301. 

 Water is particularly attractive as an alternative to halon because it is environmentally 

benign, and if introduced in some fires under idealized conditions can extinguish the flames at mass 

loadings not much greater than those required of CF3Br.  However, droplets greater than a few 

micrometers in diameter do not flow as the surrounding gas, and they require a much longer time to 

evaporate at room temperature than superheated halon 1301. 

 Water mist systems currently under development produce different droplet size 

distributions.  Additives have been suggested to increase the effectiveness of water as an 

extinguishing agent.  Non-aqueous fluids with excellent flame inhibition qualities will be proposed 

in other tasks of the DoD Next Generation Fire Suppression System Technology Program. 

 How can the performance of these many agents be compared to one another in a small-scale 

laboratory setting?  The equivalent standardized screen for gaseous agents, the cup burner 

apparatus, was not developed for condensed phase suppressants.  This is the problem we propose to 

remedy.  Basic research is needed to design an apparatus that is flexible enough to handle the 

variety of liquid agents coming down the pike and that has the precision necessary for 

discriminating the performance among the different agents. 
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General Methodology 

The methodology is to adapt a porous cylindrical burner, using propane as a fuel for the 

diffusion flame.  Design a laminar flow tunnel for the suppressant transport to the flame; 

investigate aerosol generation techniques and design one capable of generating 25-250 µm 

droplets.  Calibrate the performance of the burner with gaseous agents.  Select test fluids (e.g., 

water; water with an additive; a low viscosity fluorocarbon; a high viscosity compound with low 

volatility) to span a variety of anticipated operating conditions; generate a database using these 

fluids.  Prepare fabrication drawings and an operations manual and distribute them to 

participating laboratories. 

 

Technical Results 

 The design, construction, demonstration, and operation of a bench-scale device capable 

of screening the fire suppression efficiency of liquid agents are described in detail in this report.  

Two techniques of generating droplets have been examined: (1) a piezoelectric droplet generator 

and (2) a small glass nebulizer.  The piezoelectric droplet generator was found incapable of 

handling fluids with high loading of dissolved solid due to frequent clogging of the orifice 

opening.  The nebulizer is used in the current liquid screen apparatus.  The performance of the 

screen apparatus has been demonstrated using both inert gases and aqueous solutions.  A test 

protocol has been established. 

 

Important Findings and Conclusions 

The performances of the burner and the flow facility have also been extensively 

characterized by examining various operational parameters.  Day-to day and burner variations 

also did not affect critical blow-off limits.  The facility is not difficult to operate. 

For generation of liquid droplets, a commercially available ICP (Inductively Coupled 

Plasma) nebulizer, in lieu of a piezoelectric droplet generator, is better suited for screening liquid 

agents with high loading of dissolved salt.  Clogging of orifice opening in the piezoelectric 

droplet generator becomes unavoidable when fluids with dissolved salts are used due to salt-out 

effects at the small orifice opening.  The application of an ICP nebulizer alleviates the clogging 

problems because the opening of the capillary is larger; however, the spray generated is 

polydispersed.  The performance of the nebulizer does not change significantly when fluids with 
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different thermophyscial properties are used within the range of conditions encountered in the 

screening procedure.  The nebulizer coupled with a small syringe pump can be used to perform 

screening tests with small quantities (~ 10 ml or less) of liquid agents. 

The relative suppression ranking of the three inert gases (argon, helium, and nitrogen) 

from the screen apparatus is similar to those from cup-burner tests; argon requires the most 

amount added to the oxidizer stream to cause blow-off, whereas helium requires the least. 

The performance of the screening apparatus has been demonstrated using several aqueous 

solutions with different thermophysical properties.  For all the fluids tested, potassium acetate or 

lactate with a mass fraction of 0.6 is the most effective.  In particular, for a given application 

rate, the potassium acetate or lactate solution is more effective in suppressing the flame than pure 

water.  Blow-off velocity decreases as the fluid application rate increases, that is, when the 

application rate is high, only low speed air is needed to blow-off the flame.  High loading (60 % 

mass fraction) of potassium acetate or lactate performs better than low loading (30 %). 

 

Significant Hardware Developments 

 A screen apparatus for liquid agents delivered in droplet form has been developed.  The 

apparatus can also be used for gaseous agent screen and can, in principle, be extended to screen 

powder agents.  One of the attributes of the apparatus is the ability to utilize small amount of 

liquid sample to perform a test. 

 

Special Comments 

 None. 

 

Implications for Future Research 

The liquid agent screen apparatus is a useful tool for other principal investigators to 

facilitate their search for new fire suppressants because it can provide rapid screens with 

minimum effort.  It is currently being used to evaluate high-boiling point compounds and other 

liquid agents.  The apparatus may also be suitable for evaluating powder agents when a powder 

delivery system is integrated into the current system. 

 

BIBLIOGRAPHY OF PAPERS AND ARTICLES PUBLISHED 
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DETAILED DESCRIPTION OF THE PROJECT 

Introduction 

The recent ban on halon 1301 (CF3Br) production (as a result of its ozone depleting 

potential) has resulted in extensive search for its replacements and alternatives.  The applications 

of fire suppression efficiency screening methods constitute an important aspect of this search 

process because good screening methods can facilitate the identification, comparison, and 

selection of potential candidates for halon replacement.  Most of the current methods for fire 

suppression efficiency screening (e.g., cup burners) are designed for evaluating fire suppressants 

that can be delivered in the form of vapor.  Potential uses of liquid agents as replacements have 

been recently proposed in several applications (e.g., shipboard machinery spaces, engine 

compartments in armored vehicles).  Therefore, there is a need for the development of a reliable 

screening method for liquid agents that can be delivered in droplet form.  The objective of this 

work is to design, construct, and demonstrate a laboratory-scale apparatus that can perform the 

screening of liquid agents in a well-controlled experimental setting.  This report describes the 

design and the operational procedure of the NIST dispersed liquid fire suppression screening 

apparatus.  Detailed component drawings are documented in the Appendices.  The design of the 

apparatus is based on a well-characterized flame, a means to facilitate the introduction of small 

amounts of liquid agents, and a way to generate liquid droplets that can be entrained into the 

flame.  The device can also be used to screen gaseous fire suppressants.  In principle, the 

apparatus can be employed to screen powders by incorporating a powder delivery system in lieu 

of a liquid droplet generator. 

In the literature, three experimental configurations have been used for agent screening 

applications: (1) counterflow cylindrical burners, (2) counterflow flat-flame burners, and (3) cup 

burners. 

A porous cylindrical burner in a counterflow configuration, wherein a diffusion flame is 

formed in the forward stagnation region of the burner placed in a uniform oxidizer flow, with fuel 
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being ejected uniformly from the burner surface, has been extensively used to study flame 

structure [1,2,3,4] and flame extinction using inert gases [5], halons [6], and powders [6].  There 

are many advantages associated with the use of a counterflow cylindrical burner.  The fuel and the 

oxidizer flows can be independently adjusted, if required.  The flame is laminar, two-dimensional, 

and very stable in the forward stagnation region.  The geometry of the burner and the flow field 

allow for relatively simple analysis of the forward stagnation region [7,8,9,10,11,12,13].  Both 

wake and enveloped flames can be easily maintained over a wide range of fuel and oxidizer 

flows.  The flame is easily observed, and critical stages such as the blow-off limit (abrupt 

transition from an enveloped flame to a wake flame) can be ascertained with ease and high 

reproducibility.  The flame front can be easily accessed by intrusive [2,3] or non-intrusive [8,13] 

probing techniques, thus enabling detailed studies of flame structure, if desired.  However, 

clogging of the porous burner surface due to soot deposition and/or condensed-phase suppressant 

may be a disadvantage if the burner is operated for a long period of time; cleaning or replacing the 

clogged burner may be required [6]. 

Another counterflow geometry, which involves the use of two opposed vertical ducts 

separating at a distance with fuel and oxidizer counterflowing toward each another to establish a 

flat flame, has recently been used for extinction studies with solid aerosols [14,15] and two-phase 

droplet spray flames [16, and references therein].  Although counterflow flat-flame burners 

possess all the operational merits of a counterflow cylindrical burner mentioned above, the 

operation of these burners is elaborate. 

Cup burners, which are widely used for screening gaseous agents, have also been employed 

recently to study the suppression efficiencies of condensed-phase agents [17,18]; however, the 

presence of the cup makes the introduction and characterization of liquid agents difficult.  In 

addition, the global strain rate of a pool flame established at the cup is not well defined. 

Table 1 lists a comparison of the various operational characteristics among the three 

screening apparatus: the cup burner, the counterflow flat flame burner, and the counterflow 

cylindrical burner.  Since the operation of a counterflow cylindrical burner is less complicated 

than that of a counterflow flat-flame burner and the experimental configuration facilitates the 

introduction of condensed-phase agents into the oxidizer stream, we make use of such a burner in 

our liquid agent screening apparatus. 
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Experimental Design 

There are three major elements in the apparatus: (1) the wind tunnel, (2) the porous 

cylindrical burner, and (3) the droplet generator.  The wind tunnel is used to provide uniform 

oxidizer flow to the porous cylindrical burner at low turbulence intensity and to facilitate the 

delivery of liquid agent droplets to the flame for testing. 

 

Wind Tunnel 

The wind tunnel is open-circuit and is oriented vertically upwards.  A schematic and a 

photograph of the tunnel are shown in Figures 1 and 2 respectively.  There are five major 

components in the wind tunnel: (1) a blower, (2) a diffuser, (3) flow straightener, (4) a 

contraction section, and (5) a test section.  The total length of the tunnel from the entrance of the 

diffuser to the exit of the test section is approximately 1.2 m.  The tunnel, except the test section, 

is made of clear polycarbonate or polymethyl methacrylate for visual observation of droplet 

transport toward the burner.  This section describes the design of each component and the 

operation of the wind tunnel in detail.  Precise drawings of all component parts of the wind 

tunnel and a list of vendors for the components used can be found in the Appendices. 

 

Blower 

The air flow in the tunnel is provided by a variable-speed (frequency controlled) blower, 

whose outlet is connected to the main part of the wind tunnel via an expandable, flexible 10 cm 

aluminum ductwork and a coupling to convert a circular cross section to a square (see Appendix 

I).  The blower is driven by a 1.5 kW frame motor which is controlled by an inverter drive.  

Since the blower has a capacity greater than is needed, a slide gate damper is installed at the 

blower inlet to reduce the air intake.  The damper plate dimensions are provided in Appendix II. 

 
 
Table 1.  Comparison of the operational characteristics of the three screening 

apparatus 
 
 Co-flow 

cup burner 
Counterflow 

flat-flame burner 
Counterflow 

cylindrical burner 
Gaseous agent screening 
applications 

x x x 

Introduction of condense-phase xxx xx x 
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agent to flame for evaluation 
Characterization of condensed-
phase agent in flame 

xxx xx xx 

Attainment of stable and 
repeatable flame 

xxx x x 

Adjustment of strain rate and 
composition 

xxx x x 

Accessibility for flame 
diagnostics 

x x x 

Observation of flame 
extinction 

x x x 

Flame structure analysis xxx xx xx 
Amenability to modeling (with 
chemical reactions) 

xxx x x 

Attainment of adiabaticity xxx xx xx 
Facility design x xxx xx 
Interpretation of results x xx xx 
Elimination of burner clogging xx x xxx 
Facility operation x xx x 
Simulation of flame behind 
bluff body 

impossible impossible x 

 
Degree of difficulty:  x – simple; xx – difficult; xxx – very difficult 
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Figure 1.  Schematic of the wind tunnel. 
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Figure 2.  Photograph of the wind tunnel. 
 
 
Diffuser 

 The 30 cm long diffuser has an inlet cross sectional area of 10 cm x 10 cm and an 

expansion ratio (based on areas) of 1:9.  Detailed drawings of the diffuser can be found in 

Appendix III. 

 

Flow Straightener 

 The flow straightener section, which serves to insure that the flow to the test section is 

laminar and uniform over the entire cross-section, consists of a honeycomb and a screen.  The 

honeycomb is made of polycarbonate with cell diameter of 3.2 mm.  Detailed drawings of the 

honeycomb housing are given in Appendix IV.  A 50-mesh center-to-center stainless steel 

screen with 30 % open area and with wire diameter of 0.23 mm is used.  The screen is tautly 

sandwiched between two square flanges (see Appendix V). 
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Settling Chamber 

 A constant cross-section settling chamber is placed between the screen and the inlet of 

the contraction section.  Appendix VI lists detailed schematics of the chamber. 

 

Contraction Section 

 The contraction section with a contraction ratio (based on areas) of 9:1 has an inlet cross 

sectional area of 30 cm x 30 cm and is 30 cm long.  A square flange, which was machined to 

have a smooth transition passage to minimize flow separation, is placed between the outlet of the 

contraction section and the inlet of the test section.  Drawings of contraction section and the 

transition flange are provided in Appendices VII and VIII respectively. 

 

Test Section 

 The test section has a cross sectional area of 10 cm x 10 cm and a length of 20 cm.  It is 

made of black-anodized aluminum with three Pyrex®1 observation windows (12 cm x 7 cm x 

0.64 cm) mounted flush against the three walls of the test section using high-temperature 

silicone.  A hole is machined in one of the windows to allow mounting of an aluminum insert 

which is used to hold a brass cylindrical extension (see Porous Cylindrical Burner).  The 

burner is inserted through the fourth wall.  The combustion products from the burner are vented 

to an exhaust hood.  Appendix IX contains detailed drawings of the test section.  A thermal 

insulation gasket is placed between the inlet of the test section and the outlet of the contraction 

section. 

 

Mounting of the Wind Tunnel 

 The wind tunnel is mounted on an aluminum base plate with four T-slotted aluminum 

structural extrusion beams fastened by corner brackets.  The aluminum plate is placed on four 

worm-gear screw jacks coupled together via flexible shafts.  The jacks are mounted on a second 

aluminum plate and are driven by a stepping motor and a computer controlled microstepping 

                                                           
1 Certain commercial products are identified in this report in order to specify adequately the equipment used.  Such 
identification does not imply recommendation by the National Institute of Standards and Technology, nor does it 
imply that this equipment is the best available for the purpose. 
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indexer drive to raise and lower the tunnel (a BASIC program is provided in Appendix X).  The 

horizontal X-Y movement of the wind tunnel is provided by mounting the whole wind tunnel 

assembly on a milling machine index table.  Alternatively, the wind tunnel can be mounted on 

other X-Y-Z traverse mechanisms.  The X-Y-Z traverse mechanism is used to position the burner 

with respect to the stationary optical set-up for droplet characterization at various locations near 

the burner. 

 

Porous Cylindrical Burner 

 The design of the burner is based on several important criteria.  The burner has to be 

robust, easily built, installed, and operated, and able to generate reliable screen test data. 

 The burner is a replaceable porous (20 µm pores) sintered stainless steel standard ½” 

UNF threaded cup filter with a length L of 3.18 cm, an inner diameter of 1.12 cm, and an outer 

diameter D of 1.58 cm.  The advantage of this burner design over those used in the past is that 

burner replacement can be easily performed if partial or complete clogging of the porous burner 

surface occurs due to the deposition of soot particles or residue from liquid agents containing 

dissolved solids.  The burner is screwed onto an extended water-cooled insert through which fuel 

is injected.  The water is used to cool the burner (to prevent damage to the porous surface 

structure) and the fuel (to prevent fuel pyrolysis prior to its ejection through the porous surface).  

A cut-away view of the burner interior is shown in Figure 3. 

 The burner, together with the insert, does not span the entire test section of the wind 

tunnel.  A cylindrical brass rod (same diameter as the burner) with internal water cooling is 

inserted from the opposite wall and is used as an extension so that the burner assembly can be 

treated as a single cylinder across the test section.  Figure 4 is a photograph of the burner 

assembly.  Detailed diagrams of the burner assembly can be found in Appendix XI. 

 The side and downstream 180º portions of the burner surface are coated with a thin layer 

of high-temperature resistant black paint in order to prevent fuel ejection into the wake region.  

The high pressure drop across the porous sintered surface assures a very uniform fuel flow over 

the burner surface. 
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3.18 cm

Fuel (propane)

1.58 cm Cooling water

Fuel Brass insert

Sintered stainless steel filter

High-temperature paint

Cooling water inlet
(Outlet on other side
of insert)

 
 

Figure 3.  Cut-away view of the burner insert. 

 

 

 
 

Figure 4.  A photograph of the burner assembly. 

  

 Propane, which is moderately sooting, is used as fuel, and its flow is regulated by a mass-

flow controller (with a range of 0 to 4 L/min), which is controlled by a personal computer using 
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a data acquisition board and software.  A bubble flow meter was used to calibrate the mass-flow 

controller.  The overall uncertainty of the linear calibration curve is 0.01 L/min. 

 

Droplet Generation Device 

 In the course of the development of the apparatus, two droplet generation techniques 

have been examined: one utilizes a piezoelectric transducer and the other uses a small nebulizer. 

 

Piezoelectric Droplet Generator 

 According to Rayleigh’s analysis of the instability of capillary jets, the frequency f for 

maximum instability is given by the following equation [19]: 
 

 f
u

d
j

j
=

4 508.
 ( 1 ) 

 

where uj is the jet velocity and dj is the jet diameter.  When the jet is perturbed at this frequency, 

uniform sized droplets with uniform spacing are formed.  Rayleigh’s analysis is based on an 

inviscid liquid jet.  Experimentally, monodispersed droplets can be generated within a range of 

frequencies [20]: 
 

 
u
d

f
u

d
j

j

j

j7 3
< <
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Depending on the droplet generator design, an extension of the above frequency range has been 

reported [21]. 

In our experimental apparatus, a piezoelectric droplet generator is used to create uniform 

liquid droplets (< 100 Fm).  The design of the droplet generator is similar to that described in [22].  

The operating principle of the droplet generator is based on the break-up of a jet ejecting from an 

orifice as a result of controlled vibration from a piezoelectric transducer driven at a fixed 

frequency. 

The droplet generator consists of a liquid chamber which is connected to a 40 ml stainless 

steel reservoir, a bleed port (for eliminating any air bubbles trapped inside the chamber during 
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priming), an orifice plate, and a piezoelectric transducer.  The transducer is bonded with conductive 

epoxy to a circular disc stamped from a flat stainless steel (0.38 mm thick) shim stock.  Detailed 

drawings of the droplet generator are given in Appendix XII. 

The initial jet emanating from the orifice plate can be obtained by pressurizing the liquid 

reservoir with nitrogen.  Jetting from the orifice can be achieved with very low nitrogen 

pressurization (≈ 30 kPa gauge).  A 0.5 µm filter is used in the liquid feedline to minimize 

clogging of the orifice openings due to potential foreign particulates in the liquid. 

Several approaches for fabricating the orifice plate have been attempted which include 

using sapphire orifices, laser drilled holes, and holes from photochemical machining (commercially 

available printhead).  In our current set-up, sapphire orifices are used because they are well 

fabricated to a tight tolerance, are not expensive, are readily available, and come in different size 

openings.  Individual sapphire orifices, which are press-fitted at the end of a bored out 6-32 set-

screw or inside a plastic housing, are obtained directly from vendors.  The orifice can be easily 

attached to a plate to form an orifice plate. 

 The droplet generator is located in the settling chamber and is approximately 42 cm 

upstream of the burner.  The presence of the droplet generator in the wind tunnel does not create 

any significant perturbation or blockage effect on the oxidizer flow field near the burner because 

the flame characteristics do not change with or without the presence of the droplet generator in the 

flow stream.  Although uniform size droplets with uniform spacing are observed several 

centimeters (≈ 10 cm) from the orifice as a result of controlled jet break-up, the droplet behavior 

becomes random further downstream, which may be due to the wake and drag effects on the 

droplets in the stream.  The air stream in the wind tunnel also facilitates the dispersion of the single 

droplet stream into a small droplet cloud.  By adjusting the location of the droplet generator with 

respect to the burner, droplet loss to the wind tunnel walls can be minimized because the resulting 

dispersed droplet cloud is confined to a very narrow region near the burner. 

 Although distilled and de-ionized water and a few very dilute aqueous solutions have 

been successfully tested with this droplet generator [23], clogging of the orifice opening 

constantly plagued the continuous operation of the piezoelectric droplet generator, aggravated by 

liquids with high loading of dissolved salts.  This approach was subsequently not considered for 

further development. 
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Nebulizer 

 A small glass nebulizer is currently employed in the screening apparatus to generate a 

fine mist of droplets.  This type of nebulizer has found applications in inductively-coupled 

plasma (ICP) atomic emission spectroscopy and is commercially available.  The nebulizer is 

mounted at the same location (in the settling chamber of the wind tunnel) as the piezoelectric 

droplet generator.  A schematic of the nebulizer is shown in Figure 5. 

 

 

Capillary

Liquid (sample)
input

Air input (0.25 l/min)
(sidearm)

40 mm

25 mm

 

Figure 5.  A schematic of the nebulizer. 

 

 The aerodynamic break-up of a liquid stream issued from the capillary by high-velocity 

air causes the formation of a fine mist of droplets.  Because of the differences in the droplet 

formation mechanisms, a relatively large opening (≈ 100 µm) of the capillary in the nebulizer, 

compared to the sapphire orifice (≈ 30 µm), can be used with a wide range of liquids, including 

those with a relatively high salt concentration.  The large capillary opening makes the nebulizer 

less prone to clogging.  Fluid is fed to the nebulizer by a small, programmable syringe pump.  Air 

is supplied to the shell of the nebulizer by a mass-flow controller.  The resulting mist is entrained 
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upwards toward the flame by the air flowing in the tunnel.  The atomizing air flow is set at 0.25 

L/min, which is the highest flow that can be used without disturbing the flame at the burner.  

Because of this limit, the atomization efficiency of the nebulizer drops when the liquid delivery 

rate is increased beyond 1.3 ml/min; that is, larger droplets are generated that may not be 

entrained upward by the air flow in the tunnel. 

 

Calibration and Characterization of the Test Facility 

Characterization of the Wind Tunnel 

 A pitot probe equipped with a differential pressure transducer capable of measuring up to 

133 Pa was used to obtain velocity data at the cross section and to calibrate the blower. Figure 6 

shows the velocity measurements (error bars are expressed as ± 1σ) across the test section at two 

locations (without the presence of the burner) downstream from the test section inlet with and 

without the damper plate at the blower intake.  In the case of no damper plate, the blower was 

operated at the maximum setting of 60 Hz.  The standard uncertainty (u) associated with the 

resolution of the readout of the frequency controller is 0.003 Hz [24].  In the presence of the 

damper plate, the blower was running at 30 Hz.  Each data point represents the average of 1500 

readings from the pitot probe output (sampling at 50 Hz for 30 s).  The velocity profile obtained 

was relatively flat (< 0.5 % variation) except in the region near the walls (boundary layers).  The 

coefficient of variation in the measurement is less than 2.5 %.  The combined standard 

uncertainty (uc) in the velocity measurement is 2 cm/s.  Due to the limited frequency response of 

the pitot tube, the turbulence intensity level was not measured; however, the observation of a 

very stable laminar flame zone in the forward stagnation region of the burner provided a 

qualitative indication of low turbulence intensity. 

 Since the velocity profile is relatively flat in the region near the centerline of the test 

section, the blower was calibrated by placing the pitot probe at the centerline of the test section 

where the burner is located.  Figure 7 is the calibration curve of the blower with the damper plate 

in place.  Each data point represents the average of 1500 readings from the pitot probe output 

(sampling at 50 Hz for 30 s).  The overall uncertainty of the fit is 0.9 cm/s.  The volumetric flow 

rates are calculated using the measured average air velocities (V ) from the calibration curve and 

the cross sectional area of the test section. 

o
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Figure 6. Velocity measurements across the test section at two locations downstream from 

the test section inlet with and without the damper plate at the blower inlet. 
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Figure 7.  Calibration curve of the blower with slide-gate damper. 

 

 

Characterization of the Burner 

 For a given burner diameter, there are only two important parameters, fuel ejection velocity 

(V ) and air velocity (V ) in the wind tunnel, that govern the performance of the burner [1,2]. f o

 Under certain flow conditions, a thin, laminar, two-dimensional blue flame is established at 

a distance in front of the cylinder surface.  An example is given in Figure 8(a).  As the fuel ejection 

velocity is decreased or the air velocity is increased, the flame slowly approaches the cylinder 

surface, and eventually the flame is abruptly blown off from the stagnation region, and a wake 

flame, an example of which is shown in Figure 8(b), is established.  Conversely, with increasing 
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fuel velocity or decreasing air velocity, the flame zone gradually moves away from the cylinder 

surface, and eventually a laminar two-dimensional flame can no longer be sustained. 

When the air velocity is very small and the fuel velocity is large, the flame zone becomes 

thicker, and an inner luminous yellow zone and an outer blue zone appear.  When the air velocity is 

very large and reaches a critical value, the flame can never be stabilized, irrespective of the fuel 

ejection velocity. 

 
 

    
 
 (a) (b) 

 
Figure 8.  (a) An enveloped flame and (b) a wake flame. 

 
 
 
 Figure 9 shows the various flame stability regions of the burner obtained from the test 

facility.  Each data point on the upper curve was obtained by maintaining a fixed fuel flow and 

increasing the air flow until blow-off occurred.  The fuel ejection velocity is calculated by 

dividing the fuel volumetric flow by the available fuel ejection area of the burner surface, which 

is equal to πDL/2.  The combined uncertainty (uc) in the estimation of the fuel ejection velocity is 

0.02 cm/s.  The regions below and above the curve correspond to the existence of a stable 

enveloped blue flame and a wake flame, respectively.  There is a critical air velocity above which a 

stable enveloped flame can no longer be established, irrespective of the fuel flow.  This critical 

blow-off velocity depends on fuel type and burner diameter [1].  Each data point on the lower curve 

was obtained by increasing the fuel ejection rate at a fixed oxidizer flow until a luminous yellow 

zone appeared.  The conditions below this curve represent the existence of a yellow luminous zone. 
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Figure 9.  Flame stability (blow-off) curve. 

 

 

 For our proposed liquid screening applications, the fuel flow is always fixed at 2 L/min, 

which corresponds to an ejection velocity of 4.2 cm/s.  The rationale for choosing this value will be 

elucidated in subsequent sections.  The transition from a stable enveloped blue flame to a wake 

flame, that is the air velocity at blow-off, is used as a criterion for screening the fire suppression 

effectiveness of various fire suppressants; the higher the air blow-off velocity, the less effective the 

fire suppressant. 
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 To assess the burner performance due to burner-to-burner variation, blow-off experiments 

were performed using four different burners.  Based on two independent repeated observations, the 

overall coefficient of variation in the measurements of the air velocities at blow-off is 2 %; there is 

a statistically significant burner-to-burner effect at the 5 % level of significance.  With the burner-

to-burner effect being considered, the combined uncertainty (uc) in the air velocity at blow-off is 3 

cm/s with a degree of freedom of 7. 

 

Screening Inert Gaseous Agents 

 To evaluate its applicability to fire suppression screening of gaseous agents, the 

apparatus was also tested with propane and three inert gases: argon, helium, and nitrogen.  At a 

predetermined air flow and a fixed fuel flow, the inert gas was metered into the oxidizer stream 

at the blower outlet via a dry-test meter and a metering valve.  Extinction tests were performed 

by gradually adding the inert inhibitor to the oxidizer (air) stream until blow-off occurred (abrupt 

transition from enveloped to wake flame).  The volumetric flows of inhibitor at blow-off were 

recorded.  The experiments were then repeated with a different air flow. 

 Figure 10 shows the amount of nitrogen added as a function of 2  at blow-off at 

different fuel injection rates;  is the velocity based on the total volumetric flow rate of air and 

inert gas at blow-off and R is the burner radius.  The term, 2 , represents the stagnation 

velocity gradient [1] and has the unit of strain rate (s

Vo /

V Ro /

R

R

R

R

R

Vo

2

Vo /
-1).  Each data point represents the average of 

at least two runs.  The standard deviations (1σ) are also plotted as error bars.  The combined 

uncertainty in the calculated mass fraction of inert gas added is 0.005.  Note that the scatter of the 

data reflects date-to-date variations, the use of different replaceable burners, and the initial 

instability of the flame at low 2  (see discussion below).  The overall coefficient of variation 

is better than 10 % for higher strain rates ( 2  > 100).  For a fixed , more nitrogen is 

needed to blow-off an enveloped flame as the fuel injection rate increases.  For the same amount of 

nitrogen in the oxidizer stream,  at blow-off increases as the fuel injection rate increases. 

Vo /

Vo /

Vo / 2

It should be noted that in order to attain a low blow-off velocity gradient, the initial 

conditions of the flame were in the luminous yellow zone region (see Figure 9) before the inert 

gas was added to the air stream.  Since the flame was pulsating and not very stable in this region, 
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the scatter of the data due to this initial flame instability is also apparent at small 2  in 

Figures 10 and 11. 
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Figure 10.  Mass fraction of nitrogen added in air as a function of stagnation velocity 

gradient at blow-off at different fuel flows. 
 
 

As shown in Figure 10, there is an effect of fuel flow on the nitrogen concentration at 

blow-off.  However, as the fuel flow increases, all the curves approach a limiting curve, that is, 

there is a critical fuel flow above which there is no effect of fuel flow on the blow-off 

concentration.  This critical value should correspond to that from the stability curve (Figure 9).  

For the burner used, this value is close to 2 L/min (which corresponds to a fuel ejection velocity 

of 4.2 cm/s).  The selection of 2 L/min is partly to eliminate the effect of fuel flow on blow-off 
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velocity.  In addition, higher fuel injection velocity reduces heat loss to the burner [1].  However, 

a higher fuel injection velocity requires higher air velocity to achieve a stable blue flame (see 

Figure 9).  The advantage of having a higher operating air flow is that it facilitates the droplet 

transport to the flame.  It also enables the use of larger droplets without having them settled out 

by gravity.  The disadvantage is that a higher air flow results in a higher global strain rate of the 

flame, which may not be representative of a fire and may lead to lower agent concentrations for 

suppression. 

 The results for the three inert gases (argon, helium, and nitrogen) at one fuel injection 

rate are shown in Figure 11.  For a given 2 , argon requires the most amount added to the 

oxidizer stream to cause blow-off, whereas helium requires the least.  The relative ranking of 

these three gases is comparable to those from cup-burner tests [17].  Although there is an effect 

of fuel injection rate on blow-off concentration (as noted above), the relative ranking of these 

agents were found to be similar, for a given fuel injection rate. 

Vo / R

 

Characterization of the Droplet Generation Device 

Droplet Size Calculations 

 Since the droplets are propelled upwards, there are several limitations to the droplet sizes 

that can be used in the experiments.  The first limitation is that for a given burner size, there is a 

maximum (critical) air flow (as discussed previously) above which the experiments cannot be 

performed because an enveloped flame cannot be initially established.  However, this limitation 

can be easily alleviated by using a larger burner which results in a higher critical blow-off velocity 

[1].  The second limitation is that the droplet generator is located in the settling chamber where the 

air velocity is low because of the large cross sectional area of the chamber.  If the initial droplet 

velocity is small, it is likely that the droplet (depending on its initial size) will not be entrained 

upwards by the low-speed air, and the droplet will eventually fall down due to gravity.  The 

desirable droplet size for the experiments can be estimated by using the equation of motion for a 

droplet. 
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Figure 11.  Mass fraction of inert gases added in air as a function of stagnation velocity 

gradient at blow-off. 
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where m is the droplet mass, V  is the droplet velocity, t is the time, d µO  is air viscosity,  is 

the drag factor, g is the gravitational acceleration, 

f d

ρO  is air density, and ρ  is droplet density.  
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 A FORTRAN computer program for solving Equations (3) and (4) using the Runge-

Kutta-Verner fifth-order method is given in Appendix XIII.  Using the above two equations, 

various droplet sizes under the operating conditions commensurate with the experiments are 

examined.  A droplet with an initial velocity of 1 m/s is introduced from a droplet generator into 

the air stream at the settling chamber.  Based on the droplet velocity measurements (see Phase 

Doppler Particle Analyzer Measurements), an initial droplet velocity of 1 m/s is reasonable.  The 

burner is assumed to be operating at half of the critical velocity.  Since the air velocity at the 

settling chamber is one-ninth of that at the test section (based on the 9:1 contraction area ratio), 

the initial air velocity which the droplet is exposed to is equal to .  Figure 12 

shows the calculated droplet travel distance from the droplet generator as a function of time for 

two water droplet sizes.  The calculations were obtained by using V  m/s (from 

Figure 9).  The continuous increase in air velocity through the contraction section has been taken 

into account in the calculations.  The results in Figure 12 demonstrate that a 60 µm droplet can 

easily be entrained upwards by the existing air flow.  However, under the same flow conditions, 

a 70 µm droplet will eventually be settled down due to gravity. 

05 1 9. ,Vo critical ×

o critical, .= 2 4

( / )

 
Phase Doppler Particle Analyzer Measurements 

 An Aerometrics two-component Phase Doppler Particle Analyzer (PDPA) with a 

Doppler Signal Analyzer (DSA) was used to measure droplet size and velocity distributions.  

The measurements were made at several positions near the droplet generation device and near 

the burner to assess the uniformity of the small dispersed droplet spray. 

 

Droplet Size Distribution from Piezoelectric Droplet Generator 

 Figure 13 shows the results from the PDPA measurements taken on the centerline and 2.5 

cm downstream of the orifice exit.  The generator was pointed downward in the same direction 

as the vertical velocity prescribed by the orientation of the PDPA transmitter.  The velocity 

components in Channels 1 and 2 represents the vertical and horizontal components, respectively.  
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The orifice has a nominal opening of 40 µm, and the droplet generator was pulsed at a frequency 

of 15 kHz with an amplitude of 50 V and a pulse duration of 10 µs.  Water was used for the 

droplet generator characterization.  The droplet size distribution is very narrow, an indication of 

the mono-dispersity of the droplet stream near the orifice.  The Sauter mean diameter is 47.5 µm 

with a standard uncertainty (based on repeated measurements) of 1 µm. 
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Figure 12. Droplet travel distance from a droplet generator as a function of time for two 
water droplet sizes. 

 

 

Droplet Size Distribution from Nebulizer 

 PDPA measurements of the nebulizer spray were taken on the centerline, 2 cm 

downstream of the nebulizer exit.  Air was supplied to the nebulizer at 0.25 L/min, and de-

ionized water was used as the calibration liquid.  The liquid flow was varied from 0.3 ml/min to 

1.2 ml/min.  Figure 14 is an example of one set of results taken at a liquid flow of 0.5 ml/min.  
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Unlike the piezoelectric droplet generator, the nebulizer creates droplets with a range of 

diameters, as evident in the diameter histogram in the figure.  In the measurements, the nebulizer 

was pointed upward in the opposite direction of the vertical velocity prescribed by the 

orientation of the PDPA transmitter. 

 
Figure 13.  Measurement of piezoelectric droplet generator from the two-component PDPA 

at a location, 2.5 cm downstream of the orifice exit.  Velocity 1 is the vertical 
component; velocity 2 is the horizontal component. 

 
 

 PDPA measurements were also taken on the centerline at the burner location.  Since the 

experiment protocol requires the blower air speed to increase until blow-off occurs, it is 

necessary to determine if such an increase could result in secondary disintegration of the droplets 

due to increasing aerodynamic forces on the droplets.  Droplet size measurements were taken at 

blower air speeds of 111 cm/s and 179 cm/s.  The change in blower air speed within the range 

for the experiments was found to have a negligible effect on the diameter of the droplets which 

reached the burner.  The Sauter mean diameter, defined as the ratio of spray droplet volume to 

droplet surface area, is in the range of 25 µm to 35 µm for all air velocities and water application 

rates.  There is a slight tendency for the droplet diameter to increase with liquid delivery rate.  

The standard uncertainty (based on repeated measurements) is 2 µm. 
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Figure 14.  Measurement of the nebulizer spray using the two-component PDPA at the 

centerline location, 2 cm downstream of the nebulizer exit. 
 
 
 Droplet size measurements were also performed by moving the nebulizer to different off-

center locations in the settling chamber to account for possible misalignments, and this was 

found to have no effect on the droplet size near the burner. 

 Since the atomizing characteristics of the nebulizer depend on the physical properties of 

the fluids [19], different droplet size distributions may result when different test fluids are used; 

this could complicate the interpretation of the screening results by introducing the additional 

effect of droplet diameter.  A series of measurements was performed using the PDPA to 

determine the dependence of droplet size on the physical properties of the test fluids.  Several 

surrogate fluids (water, 30 % and 45 % (mass fraction) potassium lactate, and 1000 mg/L and 

2000 mg/L sodium dodecyl sulfate (SDS)) were used to simulate variations in densities, 

viscosities, and surface tensions.  Table 2 lists some of their physical properties.  Figure 15 

shows the PDPA measurement results on the centerline, 2 cm downstream of the nebulizer exit 

for liquid flows between 0.3 ml/min and 0.9 ml/min.  In all cases, the Sauter mean diameters 

only vary between 20 µm and 30 µm. 

 

Table 2.  Physical properties of surrogate fluids @ 20 °C 
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Fluid Density 

(g/cm3) ± 0.01 
Viscosity* 

(g/s cm) ± 0.001 
Surface tension¶ 
(dyne/cm) ± 1 

Distilled water 1.00 0.010 72 
30 % potassium lactate 1.15 0.025 66 
45 % potassium lactate 1.23 0.038 68 
1000 mg/L SDS 0.98 0.0095 52 
2000 mg/L SDS 0.96 0.0093 38 
*measured using a Cannon® Glass Capillary Viscometer 
¶measured using a DuNouy® Tensiometer (Model No. 70535, CSC-Scientific Co., Inc.)  
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Figure 15.  Droplet diameter measurements of various fluids using the PDPA at the 
centerline location, 2 cm downstream of the nebulizer exit. 

 

Experimental Procedure 
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 The operation of the dispersed liquid agent screening apparatus is described in detail in 

this chapter.  The procedure includes the setup of the porous cylindrical burner, the preparation 

of the droplet generator, the establishment of a stable blue enveloped flame, and the execution of 

the suppression experiments. 

 There are two ways to perform the screen experiments: (1) increasing the air flow at a 

fixed liquid agent application rate until blow-off occurs, and (2) increasing liquid agent 

application rate at a fixed air flow until blow-off occurs.  The former was selected because the 

procedure requires less agent and there is no need to correct for the lag time from changing the 

syringe pump setting (to increase the liquid flow) to attaining a steady liquid delivery rate. 

 

Burner Set-up 

• For a new burner, apply several thin coats of high temperature paint on half and the end of 

the porous burner surface (see Figure 3).  Let the painted surface dry or cure in an oven 

overnight. 

• Screw the burner into the insert.  Mount the burner assembly to the wall of test section.  

Adjust the burner so that the unpainted burner surface is facing the direction of the oxidizer 

flow.  Connect the cooling water and fuel lines to the burner assembly. 

• Mount the brass cylindrical extension to the opposite observation window.  Connect the 

cooling water lines to the cylindrical extension. 

Note:  To test whether there is any leakage from the paint portion of the porous surface, screw 

the burner into the insert, connect the fuel port to a compressed air or nitrogen line.  Initiate gas 

flow and immerse the burner assembly into a container of water.  Observe if there is bubbling 

from the painted surface.  If leakage occurs, apply another thin layer of paint to the surface. 

 

Preparation of Droplet Delivery System 

 Although a nebulizer is used in the current liquid screen apparatus, the procedure for 

using the piezoelectric droplet generator is also described for completeness because the droplet 

generator can still be used for test fluids that do not clog the orifice opening. 

 
Piezoelectric Droplet Generator 

• Place the orifice plate in an ultrasonic cleaner for 5 to 10 minutes. 
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• Remove the orifice plate from the cleaner, and apply pressurized air or nitrogen (at 

approximately 0.14 MPa gauge) to the orifice to dislodge residual cleaning solution and any 

foreign particles that may have adhered to the orifice opening. 

• Attach the orifice plate to the droplet generator body (liquid chamber with the piezoelectric 

transducer).  Fill the liquid reservoir with the test agent.  Connect it to the droplet generator.  

Set the nitrogen pressure to obtain the desired liquid volumetric flow.  Prior calibration of the 

orifice may be required to ensure the correct volumetric flow by measuring the volume of the 

liquid ejected over a given time interval.  Alternatively, a variable drive syringe pump can 

also be used to supply liquid to the droplet generator. 

• Prime the droplet generator with the test liquid with the bleed port open in order to expel air 

bubbles from the liquid chamber.  Tilting and tapping the chamber facilitates the process.  

Recap the bleed port after priming. 

• Connect the piezoelectric transducer to the pulse generator.  Insert the droplet generator into 

the wind tunnel through the access hole on the sidewall of the settling chamber.  Secure the 

droplet generator mount to the X-Y translation stage.  Position the droplet generator.  Seal 

the access port. 

• Turn on the pulse generator, and adjust the output voltage to 50 V and a pulse duration of 5 

µs to 10 µs.  Set the frequency to the desired setting, between 10 kHz and 15 kHz. 

 

Nebulizer 

• Remove the test section and the contraction section from wind tunnel. 

• Insert the delivery tubing through the access hole on the sidewall of the settling chamber and 

connect the delivery tubing to the liquid input port of the nebulizer. 

• Connect the sidearm of the nebulizer to a stainless steel tubing which is mounted on a X-Y 

translation stage and is inserted through the access hole of the settling chamber.  In addition 

to mounting the nebulizer, the stainless steel tubing is used to supply atomizing air to the 

nebulizer.  Position the nebulizer to the center of the settling chamber using the X-Y stage.  

Seal the access hole. 

• Install the contraction section and the test section. 
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• Fill the syringe and connect it to the delivery tubing.  Set the syringe pump to the desired 

liquid delivery rate. 

 

Establishment of a Stable Enveloped Flame 

• With the slide-damper plate in place, set the blower to a low speed (≈ 7 Hz), and turn it on.  

The low blower speed is needed to facilitate the establishment of an enveloped rather than a 

wake flame. 

• Turn on the flow of cooling water to the burner insert and cylindrical extension prior to 

igniting the burner. 

• Turn on the mass-flow controller.  It should be warmed up at least one hour prior to the 

experiments to ensure a stable fuel flow.  Start the computer program used to control the 

mass-flow controller, and set the fuel flow rate to the desired amount in liters per minute (2 

L/min was used in all the liquid screen tests reported herein). 

• Turn on the fuel supply and the mass flow controller.  Use a hand-held flexible tip butane 

lighter to ignite the burner.  Once the flame is established, allow several minutes for the 

flame to stabilize.  Adjust the blower speed, if necessary. 

 

Testing 

• To ensure that the burner (new or old) is functioning properly, perform a check by increasing 

the blower air speed (without liquid application) until blow-off occurs.  The increase in 

blower speed should be done gradually from an initial coarse increment of 2 Hz to a final 

fine increment of 0.01 Hz as blow-off conditions are approached.  The blower reading at 

blow-off should not vary more than 1.5 Hz from day-to-day, run-to-run, or burner-to-burner.  

Water should also be used as a baseline fluid to check the burner performance periodically.  

Note that when performing a blow-off (without agent) check, make sure that the air flow to 

the nebulizer is on because it imposes a small perturbation to the flame, thus lowering the 

blow-off velocity somewhat.  The average blow-off velocity (without agent and air flowing 

in the nebulizer) is 250 cm/s with a combined uncertainty of 1 cm/s and a degree of freedom 

of 87, compared to the average blow-off velocity (without agent but with air flowing in the 
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nebulizer at 0.25 L/min) of 226 cm/s with a combined uncertainty of 1 cm/s and a degree of 

freedom of 168. 

• For the piezoelectric droplet generator, start the liquid delivery system with a preset liquid 

flow rate.  For the nebulizer, initiate the atomizing air (set at 0.25 L/min) and turn on the 

syringe pump. 

• Increase the air flow using the blower controller box by stepping up the blower frequency.  

When the flame is near blow-off, one side of the flame will detach from the leading edge, 

and caution should be used at this point not to increase the air flow air too quickly.  Sudden 

increases in air speed will blow-off the flame at lower velocities. 

• Record the blower frequency reading at blow-off.  The oxidizer blow-off velocity can be 

obtained from the calibration curve (frequency vs. velocity, Figure 7). 

Note:  Once the flame has blown-off, it can be returned to an enveloped state by decreasing the 

air flow and turning off the droplet generation device. 

• Set another liquid flow rate, and repeat the blow-off experiment, if desired. 

• Compare the suppression effectiveness of individual agents in terms of blow-off velocity at a 

given liquid application rate; the higher the air blow-off velocity, the less effective the fire 

suppressant. 

Note:  Since the densities of the fluids that we have tested do not differ significantly, we express 

the liquid application rate in terms of volumetric flow (directly from the setting from the syringe 

pump) rather than mass flow for simplicity. 

 

Sample Results with Aqueous Suppressants 

 Several test fluids (water, skim milk, 30 % sodium iodide, and 30 % and 60 % potassium 

lactate) have been used to evaluate the performance of the screening apparatus. Milk is known to 

be a fire suppressant [26], sodium iodide was selected because it may be more effective than 

sodium bromide [27], and potassium lactate has been demonstrated to be more effective than 

water [27].  Figure 16 shows the screening results using these test fluids.  Each data point 

represents one test.  For a given fluid, increasing the liquid application rate decreases the blow-

off velocity.  As expected, a mass fraction of 60 % potassium lactate is more effective than 30 % 

potassium lactate.  Water is the least effective when compared to skim milk, 30 % sodium iodide, 
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and 60 % potassium acetate.  Based on this set of data, the coefficient of variation from run-to-run 

using the liquid screening apparatus is estimated to be better than 20 %. 
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Figure 16.  Screening results using different types of fluids. 

 

 

Proposed Test Protocol 

 The above test procedure can be used for rapid screening.  A blow-off experiment 

without agent is first conducted to check the burner performance, followed by a blow-off 

experiment with a fixed agent application rate.  This process is shown schematically as the 
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vertical line in Figure 17.  The blow-off velocities are used to provide a relative ranking of 

various liquid agents. 
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Figure 17.  Schematic illustrating the experimental procedure. 
 

 

 Since there are many liquid delivery rates that one can use in the screening procedure, a 

reference delivery rate is needed to compare and interpret the fire suppression effectiveness of 

various liquid agents in a consistent and meaningful way.  We have developed the following 

protocol which is based on the conditions commensurate with the cup-burner results for nitrogen. 

 The average propane cup burner value for nitrogen is 32 % (mass fraction) [17].  An 

examination of the results in Figure 10 for a propane flow of 2 L/min (selected to eliminate fuel 

flow effects and heat transfer to the burner) indicates that the nitrogen mass fraction (at blow-

off) equivalent to the cup burner value corresponds to a 2  of approximately 100 sVo / R -1, or a 
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reference blow-off velocity of ≈ 30 cm/s (see Figure 18).  At this velocity and a propane flow of 

2 L/min, a flame cannot be stabilized in the desired blue enveloped flame region (refer to Figure 

17).  In addition, the experimental protocol calls for increasing the air velocity (i.e., moving 

away from 30 cm/s) until blow-off at a fixed fluid delivery rate.  Therefore, in order to compare 

the results obtained from the cylindrical burner to conditions commensurate with cup-burner 

results, extrapolation to lower air velocity (strain rate) is required.  Note that nitrogen is selected 

as a reference gas simply due to the availability of suppression data for the cylindrical burner 

(see Figure 10).  Similar reference blow-off velocities will be obtained when the cup-burner 

results for other gases are used because at the same low global strain rate in a counterflow flat-

flame burner, the agent extinction concentrations agree well with the measurements obtained 

from a cup burner [17]. 
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Figure 18.  Schematic illustrating the definition of the reference blow-off velocity used in 
the proposed test protocol. 
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 Figure 19 demonstrates the proposed extrapolation mechanism.  A blow-off air velocity 

without fluid application (but with air in the nebulizer flowing) is obtained, followed by a blow-

off experiment with a fixed fluid application rate.  The fluid delivery rate at an air velocity of 30 

cm/s is then deduced by linear extrapolation.  Based on our experience, an application rate 

between 0.6 ml/min and 1 ml/min appears to be appropriate, which is a compromise between 

minimizing the fluid consumption for a test and attaining a blow-off velocity close to the 

reference blow-off velocity of 30 cm/s.  Note that application rate greater than 1.3 ml/min is not 

recommended (see Nebulizer). 
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Figure 19.  Schematic illustrating the extrapolation of agent application rates at the 
reference blow-off velocity. 
 

 

 38



 Once the application rate corresponding to the reference blow-off velocity is deduced, the 

reference mass flow rate of the liquid agent, m , can be calculated using the liquid 

density.  The reference mass fraction of the liquid agent in the air stream is then 

& ,agent ref

 

 Y
m

m magent ref
agent ref

agent ref air ref
,

,

, ,

&

& &
=

+
 ( 5 ) 

 

where  is the mass flow of air, calculated based on the cross-sectional area of the test 

section and 30 cm/s.  Note that in writing Equation (5), it is implicitly assumed that the droplets 

are homogeneously dispersed in the carrier phase (air). 

& ,mair ref

 Table 3 summarizes the calculations of the reference agent mass fraction in air using the 

screening results from Figure 16 and the proposed approach described above.  Average values of 

the blow-off velocities were used in the extrapolation.  For cases where blow-off velocities at 

more than one liquid application rates are available, linear regressions were used to extrapolate 

the reference blow-off velocities.  When data with one application rate were available, simple 

linear extrapolation was applied to obtain the reference blow-off velocities. 

 The last column of Table 3 lists the ranking indices relative to water.  For example, the 

60 % K-acetate and K-lactate solutions are considered to be four times more effective than water 

at the reference blow-off velocity.  If the droplets are not homogeneously dispersed across the 

total cross-sectional area, the calculated agent mass fraction will be underestimated because 

 is overestimated.  The effective area can be considered as the effective coverage area of 

the mist in the test section.  Depending on the effective coverage area, a difference of a factor of 

two to three in the calculated liquid mass fraction can result.  By placing a filter paper over the 

exit of the test section for a short duration with the wind tunnel operating (without the burner) 

and the nebulizer atomizing water with a dye added, the droplet-impact (color) pattern on the 

filter paper can be visualized and used as an indicator to determine the mist coverage area in the 

test section.  The color pattern, which is approximately circular, indicates that the mist from the 

nebulizer completely covers the burner and its vicinity.  The mist coverage area was estimated to 

be ca. 40 % of the total cross-sectional area of the test section for all the conditions encountered 

in our screening tests. 

& ,mair ref
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Table 3.  Calculated nominal agent mass fractions at reference blow-off air velocity of 
30 cm/s  
 
Agent Vagent ref,  

(ml/min) 
Agent density 

(g/cm3) @ 20 °C 
& ,magent ref  

(g/s) 
Nominal 

agent mass 
percent (%) 

&

&

,

,

m
m

water ref

agent ref
 

Water 4.62 1.00 0.08 2.6 1.0 
60 % K-acetate 0.99 1.34 0.02 0.8 4.0 
30 % NaI 1.76 1.29 0.04 1.3 2.0 
Skim milk 2.78 1.01 0.05 1.6 1.6 
30 % K-lactate 1.74 1.15 0.04 1.2 2.0 
60 % K-lactate 0.71 1.33 0.02 0.6 4.0 
 

 

 Irrespective of the uncertainty associated with the estimated nominal agent mass 

concentration, water and the aqueous agents studied here are found to be more effective than 

CF3Br, compared to the propane cup burner value (mass fraction of 17 % [17]) for CF3Br.  The 

computational study by Lentati and Chelliah [28] also demonstrates that 20 µm water droplets 

are more effective (mass fraction of 4.24 % vs. 5.9 %) in extinguishing an opposed-flow methane 

diffusion flame than CF3Br at an extinction strain rate of 176 s-1.  Although the ratio of our 

calculated nominal water mass fraction to the cup burner value for CF3Br using propane is 

smaller, both studies are in qualitative agreement in terms of the suppression effectiveness of 

water droplets. 

 Care should be exercised when interpreting the screening results in Table 3, which were 

obtained using an idealized laboratory flame and a droplet delivery system such that the transport 

of fine liquid droplets to the flames is not a factor in determining the suppression effectiveness.  

In the case of real fires, droplet entrainment and transport to the fire can significantly affect the 

liquid agent mass concentration required to suppress a fire, especially in highly obstructed 

enclosure fires. 

 

CONCLUSIONS 

An apparatus for screening liquid agents delivered in droplet form has been developed.  

The performance of the apparatus has been characterized using fluids with different 
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thermophysical properties and fire suppression effectiveness.  The apparatus is robust and easy 

to operate.  A step-by-step test procedure is provided to facilitate the use of the apparatus.  The 

droplet delivery system is designed to handle small quantity of liquid sample.  For all the test 

results reported here, 10 ml of sample is needed to perform a rapid screen (with one repeat).  The 

apparatus can also be used to screen gaseous agents.  When a powder delivery system is 

integrated into the current apparatus, the facility, in principle, can be employed to screen powder 

agents. 
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